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INTRODUCTION
During the power transmission on the overhead transmission lines the allowed limits of the qualitative parameters of the electric energy have to be kept. These limits are given by the standards. Phase current asymmetry is one of the observed parameters. This phenomenon has been researched by many authors e.g [1] , [2] , [3] . The aim of transmission system operators is to minimize the phase current asymmetry, because it causes added losses [4] . The reason is that the phase current asymmetry results in a current flowing through an earth wires and that increases total Joule losses. The value of phase current asymmetry can be a factor, which should be taken into account for the decision of the transmission line designer, if the transmission line should be transposed or not. The method for detailed analysis of the phase current asymmetry is published in this paper.
II. TRANSMISSION LINE MODEL

A. Transmission tower specifications
The presented algorithm can be used for any type of the double transmission tower. In this paper the type of the transmission tower "Donau" has been considered. It carries twice three phase conductors and it has two earth wires. The design layout is depicted in the Fig.1 . Phase conductor is constructed as a triple bundle conductor 3x(490-AL1/64- 
B. Circuit model of the line
The transmission line has been modelled as a cascade of two-ports. Every phase conductor consists of a chain of N gamma two ports that is described in Fig.2 [5] . The basic line element involves a resistance, a conductance, a self-inductance and a capacitance to the earth. It is supposed that value of the resistance and the conductance are the same in the case of transposed and non-transposed line. Their values are defined according to the technical specification of conductors. The operating temperature of the phase bundle conductors is considered equal to 40°C. For this value the resistance was calculated. Values of the phase conductances were obtained from the calculation from the data obtained from the WAMS measurement of the unloaded line. The effects of the inductive and capacitive couplings between the conductors are respected via voltage and current source in every two-port. The capacitances have been determined by method of images [6] , self and mutual inductances have been expressed by matrixes of inductances [7] . If we consider the harmonic steady state and linear character of the line parameters, we are able to use complex representation for voltages and currents. L ij is the mutual inductance between the conductors i and j. Number of the conductors is described with letter n. Analogously the current source expresses the induced current via capacitive with other conductors:
C ij is the mutual capacitance between the conductors i and j. Every phase conductor has been modelled as a cascade of N gamma two-ports. The part of the two-port diagram is shown in Fig.3 Every gamma two-port can be described with three equations -one for node and two for loops. The making of the algebraic equations with complex coefficients is demonstrated on the first two-port of the phase a 1 .
Supposing N two-ports in each cascade and three currents in every two-port (Fig.2) , one phase including the load has 3*N+1 unknown currents. Then three phases have 3*(3N+1) unknowns. Considering the earth wire, which two-port element does not have transverse parameters (conductance and capacitance to the earth), the number of unknowns reaches 3*(3N+1)+N. Finally the double line with two earth wires has 2(3*(3N+1)+N) unknown currents, which can be rewritten to from 20*N+6. The load is respected by resistance that is joined to the star. The solution of this system of algebraic equations with complex coefficients has been carried out in software MATLAB. From the obtained load currents the phase current asymmetry can be calculated, also the Joule losses can be discovered.
For the investigations one non-transposed line and one transposed line have been considered. Phase configuration of non-transposed is described in Fig.4 . 
C. Evaluation of the phase current asymmetry
It is commonly used to express the current asymmetry via positive and negative sequences. The load current phasors can be for this reason decomposed to sequences. The phase current asymmetry can be described by coefficients of asymmetry:
These coefficients are defined via rate of negative I (2) or zero I (0) and positive I (1) sequence of phase currents. In performed calculations these coefficients will be evaluated at the line end. It is useful to evaluate the Joule losses in earth wires and describe their relation to the phase current asymmetry. Also total relative total losses p have been calculated [4] .
III. EXAMPLES OF CALCULATIONS
For the calculations we supposed one two-port per 1 km of the length of the transmission line. This amount of two-ports is sufficient to obtain enough accurate results.
For the calculations the symmetrical voltage source has been considered. The origin of the Joule losses in the earth wires is a consequence of the phase current asymmetry. Their evaluation gives useful information about current distribution in the observed system.
A. Geometrical phase current asymmetry on non-transposed line
Mutual inductive and capacitive couplings due the different geometrical positions of the conductors cause the phase current asymmetry. The effects of the mutual couplings depend on some factors, which have been investigated further.
1) Phase current asymmetry dependency on the length of the line
The value of transmitted power was considered equal to 1200 MW for both circuits together. The calculations have been performed for discrete values of the transmission line length in the interval from 50 to 130 km. Results for chosen length are described in table I. Numbers I. and II. mean the index of the first and second circuit of the double line. P je describes the Joule losses in the earth wires. p is the value of relative total Joule losses. The dependency of Joule losses of earth wires is shown in Fig. 6 . The results in table I . have shown that with increasing line length increases the phase current asymmetry of both circuits. The increment of the zero sequence of current has linear tendency. The curve in Fig.6 shows that the increase in Joule losses of earth wires has quadratic trend. The origin of the phase current asymmetry is only a consequence of mutual couplings between the conductors, because in this case the load has been supposed symmetrical.
2) Phase current asymmetry dependency on the value of transmitted power
For the calculations it was considered a fixed length of the transmission line equal to 100 km. The dependency of observed parameters of phase current asymmetry on the value of transmitted power has been carried out in this subsection. The range of change of the transmitted power has been considered between 200 and 2000 MW for both circuits together. The value of load resistance has been changed in iterative way until we obtained required value of transmitted power. The nominal power transmission capacity of this transmission tower is 3464 MW (2x1732). Results for chosen values of transmitted power are described in table II., the dependency of Joule losses of earth wires is shown in Fig. 7 . The increase in zero sequence as well as in negative sequence is linear. Under the value of transmitted power equal to 800 MW, the Joule losses of earth wires are small. Above this value they rise rapidly. We can also observe the increase in total relative losses with the higher value of transmitted power.
B. Influence of the asymmetrical load on the phase current asymmetry on the transposed line
Transmission line transposition allows reducing the phase current asymmetry caused by mutual inductive and capacitive couplings. The origin of the phase current asymmetry on the transposed line is caused because of asymmetrical load, source or both. The sensitivity analysis, how the transposed line reacts on the load asymmetry, has been carried out. It was considered the change of the load power value in one phase of both circuits, which is in the transmission line model represented by the change of the value of load resistance. The performed calculations have shown that the difference in results which depends on the position of the asymmetry can be on transposed line neglected. For the calculations the length of the line was supposed to be equal to 100 km. The value of transmitted power has been considered equal to 1200 MW. The results of coefficients of asymmetry are shown in table III. Fig.8 Dependency of zero sequence of current on the load asymmetry As well as in Tab. I and II. the P je describes the Joule losses in the earth wires. p is the value of relative total Joule losses. The results have shown a linear increasing tendency of negative and zero sequence of current. The trend of the increase in the Joule losses of earth wires is quadratic. The relative losses do not change significantly.
C. Load asymmetry on the non-transposed line
Performed calculations described in tables I. and II. have shown that the phase current asymmetry depends on the length of the line as well as on the value of transmitted power. The total phase current asymmetry on the non-transposed line is also affected by asymmetrical load. This fact is shown in this subsection. The asymmetrical load is as well as in subsection B represented by a change of load power. This situation has been modeled as a decrease of resistance by 2 % in one phase of both circuits. Contrary to the transposed line, on the nontransposed line it matters, in which phase the load asymmetry is. The total phase current asymmetry is the consequence of the geometrical asymmetry of non-transposed line and the asymmetry of the load at the same time. If we consider parallel operating of both circuits, there exist three possibilities of the load asymmetry (in each phase). All of them have been calculated and the results are shown in table V. For the performed calculations the value of transmitted power has been considered equal to 1200 MW. Around this value the Joule losses in earth wires start increasing significantly (Fig.7) . The line length was supposed to equal to 100 km. The cases of load asymmetry are depicted in table IV. 
COEFFICIENTS OF ASYMMETRY, JOULE LOSSES AND RELATIVE LOSSES FOR ASYMETRICAL LOAD AND 1200 MW OF TRANSMITTED POWER
The results in table V. show that the phase current asymmetry of both circuits can differ significantly. The values of Joule losses in earth wires are related to the zero sequence of current of both circuits, which is described with the help of p 01 .
D. Zero sequence of current on the and non-transposed transmission line
If we declare the allowed value of p 01 (coefficient of asymmetry for zero sequence) equal to 2 %, we can make an investigation of dependency of permitted p 01 on both parameters (line length and transmitted power). For chosen discrete values of line length it was calculated the critical transmitted power, which causes at least on one of considered circuits the p 01 equal to 2 %. The dependency is shown in Fig.  9 . Firstly it is shown the curve in the case of non-transposed line with the symmetrical source and load. Then there are displayed the results for the load asymmetry in phase b on non-transposed line, which provide according to the table V worst results for the zero sequence. The decrease in load resistance is 2 %. Additionally it is shown the limit curve for the non-transposed line with asymmetrical load with same position of asymmetry (phase b), but in the decrease of load resistance by 3 %. The limit curves have the hyperbolic shape and they show an allowed area (line length/transmitted power), where the zero sequence of current does not exceed the predefined permitted value.
IV. CONCLUSION This paper described a method which allows evaluating the phase current asymmetry on the double vhv transmission line. This algorithm takes into account the mutual inductive and capacitive couplings, which have an impact on the geometrical phase current asymmetry. The geometrical phase current asymmetry dependency on the line length and on the value of transmitted power has been investigated. The influence of asymmetrical load on the asymmetry has been researched for transposed as well as for non-transposed line. The total phase current asymmetry on non-transposed line is a consequence of the geometrical and load asymmetry. Obtained results have shown that the load asymmetry can intensify the geometrical phase current asymmetry. In other phase configuration the geometrical and load asymmetry can compensate themselves. The performed calculations have shown that the Joule losses of the earth wires correspond to the values of zero sequences of current of both circuits. From the point view of electricity qualitative parameters the phase current asymmetry can be a limited factor. The decision, if the transmission should be transposed or not, should take into account not only the line length, also the value of transmitted power too. 
